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ABSTRACT
The effect of various impurities, commonly found in zinc electrowinning solutions, on the surface morphology of deposited zinc was investigated.

Individual additions of the impurities Al, Ag, Cd, Co, Cr,

Cu, Ge, Mn, Ni, Sb, Sn, Ti, Pb0 2 , PbS0 4 , and HCl were studied.

In a

few cases additives of animal glue, gum arabic, and Na 2Si0 3 , were used
individually or in combination, to determine their effect on the surface structure of the deposited zinc.

Comparisons were then made with

deposits from a pure electrolyte consisting of H2so 4 and zn+ 2 , 200 and
65 g/1, respectively.

The zinc was deposited on a 99.9% pure AI sheet using Pt anodes
in all but a few cases.

Time, temperature, current density, and im-

purity concentrations were also varied for a few of the impurities.
The bulk of the work was conducted at 40° C and 75 A/ft 2 (82 mA/cm2).
Zinc was also deposited using Pb-Ag (0.75%) anodes with or without a precoated Pb0 2 layer, obtained by electrolyzing in a NaF solution.
Pressed Pb0 2 anodes were also used to determine the stability of the
anode under the electrolyzing conditions.
The surface morphology was examined by a scanning electron microscope (SEM).

X-ray diffraction techniques were used to determine crys-

tal orientation.

A non-dispersive X-ray spectrometer was used in an

attempt to locate impurity concentrations on the zinc deposit when
pitting or re-solution occurred.
The impurities were categorized by the effect they had on current
efficiency, morphology, and apparent mechanism of Hz evolution from
the cathode.
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I.

INTRODUCTION

Electrowinning of zinc involves extraction of the metal from
leached roasted ore by electrolysis.

In principle, the method con-

sists of leaching the zinc from the calcine with an aqueous acid
sulfate electrolyte.

The zinc-rich electrolyte then undergoes puri-

fication before being passed into an electrolytic cell where a certain
fraction of the metal is cathodically deposited.

The spent electro-

lyte is pumped from the cell for adjustment of the zinc concentration
by recirculating over fresh calcine.

The electrolyte, newly enriched

in zinc, passes again through the cell and more zinc is deposited.
The electricity requirements for an industrial electrolytic zinc
process are of prime concern economically, and are best indicated by
two quantities, current efficiency and power (energy) efficiency.

Even

though the current efficiency may be near maximum (100%), it does not
necessarily follow that the corresponding power efficiency is also a
maximum.

The reason for this 1 ies in the cell voltage factor of the

power efficiency.

The cell voltage contains important contributions

from activation, resistance, and concentration overpotentials at the
zinc cathode and anode and within the electrolyte, and from ohmic potential differences in the conductors and connectors external to the cell . 1
In most cases however, the current efficiency can be used to adequately
describe the behavior of the process.
Impurity concentration in the electrolyte is one of the paramount
concerns of the electrolytic zinc industry.

A drastic reduction in zinc

current efficiency, possibly to as low as 60%, can occur with an impurity
concentration of less than 0.01 mg/1 in the case of certain impurities.2,3,4,5

The effect of the impurity can be minimized by a rigorous

2

purification of the neutral leach solution; however, this does not necessarily reduce the impurity to a harmless level in the electrowinning
process.

The reason for this lies in the synergetic effects among va-

rious impurities.

For very critical types of impurities, it may not be

possible to detect the impurity chemically, and yet it will still be
detrimental to the process.
Once the impurity goes into the electrowinning cell, it is virtually impossible to take corrective action. r The main reason that this
is the case is that the mechanism by which the impurity becomes active
is usually not

known~

It is well known that certain impurities in the

electrolyte cause re-solution of the deposited zinc. 2

The re-solution

usually takes place after a period of zinc deposition, and the time required before the re-solution can be looked upon as an incubation period of a type.

The incubation period usually decreases with an increase

in cell temperature or impurity concentration. 6

It is desirable if the

incubation time can be extended so as to obtain a better current efficiency for longer time periods.

The extension in the incubation period

also allows a longer stripping cycle thus making the process more economical.

One way to combat certain impurities is by using organic addi-

tion agents, but this does not work in many cases.

A reduction in the

acid concentration and an increase in the zinc concentration or the current density may improve the efficiency but these variables are usually
previously set by economic factors, such as the daily output and the
physical arrangement of the tankhouse.

In most instances it is diffi-

cult to identify the harmful impurity by chemically analyzing the electrolyte.

It may be possible to take corrective action at the solution

3

purification stage if the specific impurity, which is acting on the electrode surface, can be found.

However, the amount of impurity which can

give efficiency problems is also open to debate.

Although there has

been a considerable amount of work in the area of impurities and their
effects on zinc electrowinning, most of the studies were completely
qualitative and did not answer the important question of the mechanism
by which the impurity became active.

Thus it is not uncommon to find

orders of magnitude differences in the values reported for the concentration of various impurities required to influence the current efficiency of the process.
Cation impurities which act at the cathode may be grouped into four
classes according to their effects.2,3
Class 1.

Metals whose sulfates decompose at a voltage above that

of zinc sulfate, e.g., Na, K, Al, Mg, Mn, and Ca.
Class 2.

Metals whose decomposition potential is less than that of

zinc, but whose hydrogen overpotential is higher than that of zinc, e.g.,
Cd and Pb.
Class 3.

Metals whose decomposition potential is higher than that

of sulfuric acid, but whose hydrogen overpotential is less than that of
zinc, e.g., Fe, Co, and Ni.
Class

4. Metals whose sulfate decomposes at a voltage below that

of sulfuric acid and whose hydrogen overpotential is less than that of
zinc.

The common members of this class are As, Cu, Ge, Sb, Sn, and Te.
Impurities in classes 3 and 4 can reduce the zinc current effi-

ciency greatly.

However, all the metal impurities in the electrolyte

assist the evolution of H2 from the zinc electrode when a sufficient
amount is present. 5 • 7
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Ordinarily an impurity metal ion can codeposit on zinc if there is
a sufficient amount present in the bulk solution and it is more electropositive than zinc.

In practice, the bulk concentration of the impurity

metal ion is very small compared to the zinc.

Therefore, the deposition

of the impurity on zinc may be controlled by the diffusion rate to the
double layer and then only a small part of the electrode surface is
covered by the impurity.8

This small part of the electrode surface

(whether the impurity forms a solid solution or a compound with zinc or
deposits individually on zinc) 9 evolves large amounts of H2 either as a
cathode for H+ reduction or as a local cell cathode in the corrosion of
zinc previously deposited.

It is very difficult to distinguish between

the two unless the re-solution occurs to such a degree that a part of
the deposit has been dissolved away.
Another important aspect of the deposited zinc is the physical appearance of the surface.

The surface should be smooth and uniform,

free of dendrites and pits, since this will allow easier handling and
also reduce the melting loss due to excessive oxidation of the metal.
The surface morphology is influenced by the combined effects of the
deposition time, current density, impurity concentration, addition
agents, and cell temperature, aside from the obvious acid and zinc
concentrations.
The general nature of the deposited zinc will be a product of the
electrocrystallization process governing its growth.
t·

According to the

Bravais law for free growth of crystals.~(without adsorption of hydrogen or colloid particles), the growth velocity depends on the atomic
population (reticular) density of the planes.

For zinc the population

densities (Dhk·l) of the planes decrease in the following order:

5

(00·2), (10·0), (10·2), (10·1), (11·0), and (10·3); therefore, the
growth velocity (Vhk·l) and the current density (lhk·l) should be in
the reverse order of the population density.lO

Therefore, zinc should

crystallize by a lateral growth mode with preferred (00·2) orientation
under free-growth conditions.

This condition can be obtained by either

increasing the cell temperature and the current density or by additions
of oxidizing agents. 11

However, ideal conditions for free growth are

very difficult to obtain.
The effect of organic additives to the electrolyte on the nature
of the crystallization presents another important aspect of the process.
Since the additives could be adsorbed preferentially on certain crystal
planes, it is possible to completely alter the growth of the deposit.1 2
The organic additives also make the grain size smaller by creation of
more nucleation sites during the electrodeposition.

The organic addi-

tives are also susceptible to decomposition by the presence of a large
amount of Mn+ 2 which is gradually oxidized to Mn04 or Mn0 2 • 13

This in

turn can cause still further alterations in the electrocrystallization.
Since the surface structure and the current efficiency fluctuate
considerably with impurity level, it would be very beneficial in controlling the process if some relationships could be established between
the surface morphology and impurity species.

Particular emphasis was

placed on the behavior of the added impurity on the zinc electrode surface during the electrodeposition in this study.
faces, prepared from a series of electrolytes

The electrode sur-

contai~ing

were analyzed using a scanning electron microscope (SEM).

an impurity,
Some X-ray

diffraction studies were also made of the deposits in order to determine

6

their orientations.

A non-dispersive X-ray spectrometer was used in

attempting to locate and determine the impurity concentration on the
electrode when re-solution or pitting occurred.
The primary objectives of this
1.)

r~search

were thus two fold.

To determine the effects that various impurities had on the

morphology and growth of electrolytically deposited zinc.

If a behav-

ior pattern did emerge, a method of predicting what impurities were
active in the process would be possible.

This would then allow more

specific corrective actions to be taken immediately rather than allowing the situation to rectify itself in time, as is now commonly done.
2.)

To attempt to gain more insight into the mechanism by which

impurities become active during electrolysis, with particular emphasis
being given to the time dependency of the current efficiency.
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I I.

EXPERIMENTAL PROCEDURE

A neutral zinc sulfate solution was prepared by dissolving 249 g/1
French Process ZnO into a di Jute sulfuric acid solution containing
300 g/1 H2S04.

This solution was then purified at pH 5 to 5.5 and the

zinc concentration was 200 g/1 after adjusting the volume.lO
The starting cell solution was prepared by mixing the purified solution with dilute sulfuric acid to make acid and zinc concentrations
of 200 and 65 g/1, respectively.

The purified neutral solution was fed

into the cell during the electrolysis to keep the acid and zinc concentrations constant.
The impurity stock solutions were prepared by dissolving the respective reagent grade sulfates in 1 N sulfuric acid, except for the
Al, Mn, Cr, and Sb additions.

The stock solutions of AI, Mn, and Cr

were made by dissolving each metal in a 1 N sulfuric acid while the Sb
solution was prepared by dissolving antimony tartrate in water to avoid
hydrolysis.

These solutions were prepared to give an ion concentration

to 10 mg/ml which could be diluted to the desired level when added to
the electrolyte or to the neutral feed solution.
Electrolyses were conducted in a 1-liter beaker with a modified
pouring spout using an AI cathode (1.25 11 x 3-75 11 x 0.05'') with Plexiglas edge strips between two Pt anodes (1.00'' x 3-75" x 0.01").
few cases Pb-Ag (0.75%) anodes were used.
sheet (1.00 11 x 3.75'' x 0.125 11 ) .

In a

The anode was in the form of

The anode was pre-electrolyzed in a NaF

solution prior to the zinc electrolysis in order to give a more adherent
Pb0 2 coating.

Pressed Pb0 2 anodes, prepared from the powder by pressing

at 15 tons/in. 2 and sintering at 250° C for 2 hours, were also used.

8

The deposits were stripped from the AI cathode at the completion
of the run, thoroughly washed and dried, and then weighed.

Current

efficiency calculations were made for all deposits and were based on
the final weight of the deposit compared to the theoretical amount
which should have been deposited.

The total coulombs passed were de-

termined by means of an ampere-minute meter.

A constant current power

supply was used.
Representative portions of the electrode were then prepared for
X-ray and SEM analyses.

Corrosion samples were also prepared from the

electrode and they were corroded in zinc electrolyte in order to determine the direct corrosion effect on the current efficiency.
The neutral purified solution did not show a detectable amount of
any impurity as determined by atomic absorption techniques.

The de-

tectable 1 imit varies depending upon the elements in question but the
range is usually 0.01 to 0.1 mg/1 or 0.01 to 0.1 ppm.

Trace quantities

of AI, Si, and Fe were detected by the spectrographic method when the
neutral solution was analyzed after dehydration.

9

I I I.
1.

EXPERIMENTAL RESULTS

Electrolyses at 40° C and 75 A/ft2.
A.

No impurity in the electrolyte.

Several deposits with different electrolyzing times were prepared
from an electrolyte containing 200 g/1 H2 so 4 and 65 g/1 Zn in order to
study the time dependency of the current efficiency.

The orientations

of these deposits were also examined for later comparison with the deposits prepared from electrolytes containing various impurities or
additives.
The current efficiency remained fairly constant throughout the
electrolyzing period.

The changes in the preferred orientation were

in the following sequence:

(00·2) at start; (10·1) after 1 hour, (10·2)

and (10·3) after 2 hours, with random orientation being obtained after
22 hours.

However, it was rather difficult to examine the orientation

of the 22-hour deposit due to the rough surface structure.

Fig. 1

shows the surface morphology of the 2-hour deposit, as obtained on the
SEM.
Table I summarizes the results.

FIGURE 1. 2-hour deposit in pure
electrolyte, 40° C and 75 A/ft 2 ,
1 ,ooox.

10

TABLE I.

Time
hr.
0.25
0.50
1. 00
2.00
4.00
6.00
16
22

Electrolysis in a Pure Zinc Electrolyte3

Ce 11

3.46
3.46
3.46
3.48
3.45
3.42
3.41
3.43

95.4
96.2
96.8
96.0
95.8

____,_______ -----

Power
Surface Orientationl
Eff.
(Ratio to ASTM standard) 2
kwh/lb.
'"l007 2 lTD-iT (10. 2) ( 10. 3)
------- +---------- -----+----+ ----0.6
2.0
2.2
1.1
1.0
1.0
4.0
1. 34
0.3
2.7
0.3
2.0
0.8
4.0
0.7
1. 34
1. 31
1. 32
1.1
0.4
1.0
0.7
1. 34

E1e c t r o 1y z i ng con d i t i on s :
1
2

-·--·-- --- ·------'-----.. 1.-----

----------

200 g I 1 H2 S0 4
75 A/ft 2 .

,

65 g I 1 Z n , 40 o C , a nd

Back side of the deposits was a preferred orientation of (00·2).
(00·2) 0.5; (10·0) 0.4; (10·1) 1.0; (10·2) 0.3; (10·3) 0.2.

Examples of the intensity calculation.
----~rface _Q_r i entat_i on ( i nten_~!._!y_~c-~_1 e 0-1 00::.!,)_ __

(00·2)

(10·1)

-·--·-~--

Observed
intensity

30

15

------·

ratio

0.3

(10·3)

80

80

30

20

-·---100

50

(10·2)

-----+----·--·-

---·--- --------+------80
80
20- = 4.0
"3"0 = 2. 7

-----'---- ------

3 See APPENDIX 1 for more detailed results.
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B.

Impu r i ties in the e 1ec t ro 1y te.

Zn deposits were prepared from electrolytes containing a varying
amount of a single impurity such as Ag, Al, Cd, Co, Cr, Cu, Ge, Mn, Ni,
Sb, Sn, and Ti, in order to determine its effect on the Zn current efficiency or changes in the surface morphology.
tion of the impurity was added initially.

A specific concentra-

The impurity was also

continuously added to the cell during electrolysis with the neutral
feed solution, which was acidified from pH 5 to 2 by H2 S0 4 to keep the
impurity in an ionized form.
40° C and 75 A/ft 2 .

The electrolyses were carried out at

Table II summarizes the results.

The impurities could be divided into three classes according to
the effect on the orientation.
Class 1.

Metal ions which produced only (00·2) basal plane orien-

tation, e.g., Al, Ge, and Sb.
Class 2.

Metal ions which produced a (00·2) preferred orienta-

tion along with other orientations, e.g., Cd, Co, Cr, Mn, and Ti.
Class 3.

Metal ions which caused random-type orientation, e.g.,

Ag, Cu, Ni, and Sn.
Figs. 2 and 3 show examples of the surfaces resulting from the
class 1 impurities.

These electrodes were prepared in electrolytes

containing 100 mg/1 Al and 0.01 mg/1 Sb, respectively.

The platelets

in Fig. 2 are very sharp while those of Fig. 3 are rounded or irregular,
with more of a corroded appearance.

The rounded platelets were also

produced when electrodeposited in an electrolyte containing 0.01 mg/1
Ge.

Sometimes pits were found on the rounded plates, but no evidence

of an added impurity was found either in the pits or on the rest of

12

TABLE I I.

Electrolyses in Impurity-Containing Electrolytes

Current Power
Surface Orientation
Impurity Time Ce 11
Voltage
Eff.
Eff.
(Ratio
to ASTM standard) 1
mg/1
hr. volt
kwh/lb.
(00·2} {10·1) {·10·2) {10·3}
%
2.5 6 3.48
96.6
1.34
12 3.44
78.2
1.65
Re-solution at the toe·
Ag
6
1.40
0.8.
1.0
3.44
1.0
2.0
91.3
s.o 16 3.43 72.9 1.80
Re-solution at the toe
Al
100 3 3.41
2.0
1.34
----94.5
..
2.5 24
3.44
93.3
Cd
6 3.46
1.1
1.0
2.2
s.o
1.36
94.3
1.3
1.40
6 3.49
2.0
0.8
92.6
so
1.0 16 3.44
1.32
95.9
Co
'
2.0
Ch4
6 3.43
0.5
2.0
s.o
91.3
1. 39
- S.o
-6- f-3:li'lf~5.31.34
3.
Cr
0.2
2.0
0.4
6 3.41
--1.34
50
94.9
:1.0 17
Re-solution at the top
1. 41
3.43
91.3
Cu
2.0
1.0
1.40
6 3.43
0.7
5.0
90.7
_1.8
... _
4
2~0
--3.40
1.34
--93:"6
Ge 0.01
8 3.42
2.0
----91.5
J
1. 38 ··- -·-------.. -·---6-o.8
2.0
0.3
--1.37
""3.52
95.5
Mn
100 16
1.42
3.43
97.6
-6 3.43
2.0
91fT
--- -· 1.0
1.3
1.32
1.0 24
1.42
3.44
90.5
1.8
1.0
2 3.4~
1.3
1.3
Ni
2.5
1.37
93.5
0.8
2.0
2 3.44
81.6
0.5
0.3
1. 51
5.0
- ---2.0
1.4.2
--- --2 3.42
90.8
2.0
----1.40
4 3.44
Sb 0.005
91.5
2.0
1.0
2.0
1.3
12 3.44
91.6
1.39
corr,Qsion
of
surface
Over
a
11
2.
13
1
0.01
3.53
-~~J· 1-· 2. 11 __ !-----·
1.8
0.2
0.9
3.3
0.2
2 3.35
Sn
93.
6.
--0.
1
--2.0
1.36
6 3.40
1.0
Ti
1. 26
3.41
5.0 7.5
93.9

---

r37

---

---

~

---

- ---

---

---

Electrolyzing conditions:
1

40° C and 75 A/ft 2 •

(00·2) o.5; (to·o) o.4; (lo·l) t.o; (to·2) o.3; (to·3) 0.2.

FIGURE 2. 3-hour deposit, 100 mg/1
AI in the electrolyte, 40° C and
75 A/ft 2 , I ,OOOX.

FIGURE 3. 1-hou r deposit, 0. 0 I
mg/1 Sb in the electrolyte, 40° C
and 75 A/ft 2 , l,OOOX.

the electrode surface when examined by the non-dispersive X-ray spectrometer.

Fig. 4 shows one of these pitted areas.

This electrode was

prepared in an electrolyte containing 0.005 mg/1 Sb.
The impurities which belonged to class 2, except Hn, usually gave
fine facets with increasing amounts of impurity.

Figs. 5 and 6 show

examples of the change in the facet size with increasing Ti additions.
With these impurities in the electrolyte, sometimes a pitted or waffled
structure was obtained, the degree of waffling being dependent on the
amount of impurity and the electrolyzing time.
purity was detected on the surface.

Sometimes the added im-

If this were the case it was usually

found near the pitted areas as was true for deposits made from solutions
containing 50 mg/1 Cd.

Figs. 7 and 8 show the pitted area and the pres-

ence of Cd in the non-dispersive X-ray pattern, respectively.

Fig. 9

shows the unpitted area, and no Cd was detected in this area.
All metal impurities in class 3 except Sn caused re-solution of
the deposit at preferential sites, usually at the top or edges, and
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FIGURE 4. 2-hour deposit, 0.005
mg/1 Sb in the electrolyte, 40° C
and 75 A/ft 2 , 1 ,OOOX.

FIGURE 5. 6-hour deposJt, 1 ~g)l
Ti in the electrolyte, 40° C 'and
75 A/ft 2 , 1 ,OOOX.

FIGURE 6. 7.5-hour deposit,
5 mg/1 Ti in the electrolyte,
40° C and 75 A/ft 2 , 1 ,OOOX.
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FIGURE 7. 6-hour deposit at pitted FIGURE 8. Non-disp ersive X-ray
area, 50 mg/1 Cd in the electroly te, pattern of the electrode surface
shown in Fig. 7.
40° C and 75 A/ft 2 , l,OOOX.

FIGURE 9. 6-hour deposit, 50 mg/1
Cd in the electroly te, 40° C and
75 A/ft 2 , l,OOOX.
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the re-solution rate increased with time as a part of the deposit had
been dissolved away.

When this occurred, Hz gas was evolved from the Al

sheet on which Zn was originally deposited.

The apparent re-solution

always started after a certain period of deposition.

The time required

before the start of re-solution was decreased as the amount of impurity
was increased.

The presence of Sn in the electrolyte caused overall

corrosion of the Zn, and Hz gas was evolved over the entire electrode
surface.

Sometimes Sn was found in or near pits with the deposit hav-

ing a very filmy appearance in these areas.
site is shown in Fig. 10.
containing 5 mg/1 Ag.

This electrode was prepared in an electrolyte

Fig. 11 shows the presence of Ag on the electrode

..

surface at the re-solution site.
the same electrode.

An example of a re-solution

Fig. 12 shows the unaffected area on

Generally this class of impurities, except Sn, did

not affect the overall electrode surface.

The examination of the elec-

trode surface by the non-dispersive X-ray spectrometer was carried out
by first scanning the entire electrode surface.

The specific re-

solution site was then analyzed by spot analysis.
Reduction in the current efficiency was dramatic in the presence
of less than 1 mg/1 Ge, Sb, and Sn in the electrolyte.

Class 3 impuri-

ties usually caused re-solution of the deposit at specific locations
while the presence of Ge, Sb, and Sn produced H2 evolution over the entire electrode surface.

Thus both groups, class 1 and 3, decreased the

Zn current efficiency to some degree.

The presence of Al and class 2

impurities did not decrease the current efficiency drastically at the
1eve 1 tested.
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FIGURE 10. 6-hour deposit at
re-solution area, 5 mg/1 Ag in
the electrolyte, 40° C and 75

FIGURE 11. Non-dispersive X-ray
pattern of the surface shown in
Fig. 10.

A/ f t 2 , 1 , OOOX.

FIGURE 12. 6-hour deposit at unaffected area, 5 mg/1 Ag in the
electrolyte, 40° C and 75 A/ft 2 ,
1 ,ooox.

18

C.

Electrolyses with additives and/or Al and HCl.

Animal glue, gum arabic, and Na2Si03, common additives used in Zn
electrowinning, were added to the electrolyte either individually or in
combination and 2-hour deposits were prepared.

Additions of AI with

the glue were also made to determine the combined effect on the orientation of the deposit.

Additions of HCl were made to the electrolyte

since it is usually present In industrial practice.
The animal glue additions produced a pronounced (10·1) orientation
of the deposit while gum arabic caused more random-type orientations.
However, (10·0) and (11·0) orientations were missing or very weak, with
less than 10% of the intensity shown in the ASTM standard.

Fig. 13

shows the surface structure of the deposit prepared in an electrolyte
containing 10 mg/1 animal glue.

With these additives in the electro-

lyte the resulting electrode had a smooth surface.

The grain size gen-

erally decreased with an increase in the amount of addition.

The

current efficiency also decreased with increased amounts of the glue
or gum arabic.
The presence of Na 2Si0 3 in the electrolyte caused strong (10·2)
and (10·3) orientations.

This was similar to the orientations of a 2-

hour deposit prepared tn a pure solution except the platelets were
larger with the Na 2Si0 3 additions as shown in Fig. 14.

This cathode

was prepared in an electrolyte containing 50 mg/1 Na2Si03.

The current

efficiency was independent of the amount of additions.
A (00·2) basal plane orientation was observed with HCl additions
as shown in Fig. 15.
containing 2 g/1 HCl.

This electrode was prepared in an electrolyte
A few pits are also in evidence on the (00·2)
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FIGURE 13. 2-hour deposit, 10 mg/1
animal glue in the electrolyte,
40° C and 75 A/ft 2 , 1 ,OOOX.

FIGURE 14. 2-hour deposit, 50 mg/1
Na2Si03 in the electrolyte, 40° C
and 75 A/ft 2 , l,OOOX.

FIGURE 15. 2-hour deposit, 2 g/1
HCl in the electrolyte, 40° C
and 75 A/ft 2 , 1 ,OOOX.
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plane.

The cell voltage increased and the current efficiency decreased

with increased addition of HCl.
The combined additions of 10 mg/1 animal glue with 100 mg/1 Al
produced a pronounced (10·1) orientation, similar to the glue addition
only, while the orientation changed to {00·2) basal plane-type when AI
was increased to 500 mg/1.
ing AI additions.

The

gr~in

size also increased with increas-

Figs. 16 and 17 show the effect of increasing the

Al content of the electrolyte.

The effect of additions of only AI on

the surface structure was shown in Fig. 2 previously.

A similar effect

of increasing grain size was observed when the addition of Na 2 Si03 was
increased in the presence of 10 mg/1 animal glue.

The orientation was

also altered to (10·3) preferred from the {10·1) as the addition of
Na 2 Si0 3 was increased.

.

It appeared that the detrimental effect of the

glue on the current efficiency was noticeably reduced by the presence
of Al or Na 2 Si0 3 in the electrolyte.
Table I I I summarizes the results.

FIGURE 16. 2-hour deposit-, 10 mg/1
animal glue and 100 mg/1 AI in the
electrolyte, 40° C and 75 A/ft 2 ,
l,OOOX.

FIGURE 17. 2-hour deposit, 10
mg/1 animal glue and 500 mg/1 Al
in the electrolyte, 40° C and
75 A/ft2, 1 ,OOOX.
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TABLE Ill.

Electrolyses \4ith Additives and/or AI and HCl

-----------Additives or
Impurity, mg/1

Ce 11
Current
Voltage Eff.
volt
%

-

Power
Surface Orientationl
Eff.
(Rati9_,..to AST-[-ntandard)2
kwh/1 b. T00=21 [i'():'T) ftF-2) <1o· 3>

----

~-

10
50
100

3.47
3.53
3.52

90.9
86.3
84.2

1.43
1.52
1.56

-----

1.0
1.0

-----

-------

1
10
50

3.48
3.50
3.49

93.6
91.9
79.8

1.38
1.42
1.63

0.6

1.0
1.0
1.0

1.7
0.7
0.7

0.6
0.6
0.8

Na 2 Si0 33

10
50
100
500

3.47
3.44
3.45
3.47

94.2
94.2
95.8
95.2

1.36
1.36
1.34
1.35

-----

10 mg/1 glue
+ Na2Si03

10
50
100
500

3.46
3.45
3.43
3.42

92.7
93.2
93.6
93.5

1.38
1.37
1.36
1.36

to mg/1 glue
+ Al

100
500

3.43
3.40

93.8
92.7

1.36
1.36

---

100
500
1 ,000
2,000

3.48
3.55
3.61
3.69

97.3
94.2
93.6
91.7

1.34
1.39
1.47
1.49

Animal glue

-- I-·

Gum arabic

HCl

--

Electrolyzing conditions:
and 2 hours.

-- ----

--- 1.0 ---- 1 - - - - f - - - - - ,___ __
---

0.2

--- ------1.7

4.0
4.0
3.2
4.0

0.2
0.6
0.6

2.7
3.3
1.3

1.0
1.0
1.0
0. 1

0.7
1.0
3.0

0.6
0.6
4.0

2.0

1.0
----- ----- 1------ ---

-------

2.0

---

---

---

0.8
0.2

---

-------

2.0

---

---

200 g/1 H2 S04, 65 g/1 Zn, 40° C, 75 A/ft 2 ,

1 Back side of the deposit was (00·2) preferred orientation.
2 (00·2) 0.5; (10·0) 0.4; (10·1) 1.0; (10·2) 0.3; (10'3) 0.2.
3 40° Be, approximately 35% Na2Si03.
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2.

Electrolyses in the Presence of Pb Compounds.
A.

Pb-Ag (0.75%) or pressed Pb0 2 anodes in the electrolysis.

Various 2-hour deposits were prepared using the Pb-Ag or pressed
Pb02 anodes in order to determine their effects on the structure and
purity of the Zn.

The electrolyses were carried out at 40°

c and

75 A/ft 2 using pure electrolyte.
When the Pb-Ag anodes were used, the resulting Zn deposit had a
high Pb content (0.015%) initially but it gradually decreased to
0.005% with electrolyzing time.

The fluoride pre-treated Pb-Ag anode,

which had a protective Pb0 2 film formed on it prior to the Zn electrolysis, produced deposits with low Pb (0.005 to 0.006%) for the first
several hours of electrolysis but the Pb content increased to 0.017%
after 8 hours of electrolysis.

When this occurred, there was an ab-

sence of a PbF 2 layer under the Pb0 2 film on the anode, and a high concentration of F- ions was detected in the electrolyte.

Figs. 18 and 19

show the cross sections of the anode before and after the Zn electrolysis, respectively.

It appeared that the breakdown of the PbF2 layer

was caused by the cell acid which penetrated through the cracks in the
Pb0 2 films thus releasing r- ions into the electrolyte.

The surface

appearance was similar for these deposits except for a slight variation
in the facet size and in the number of pits.
The Zn deposits prepared using anodes made by mechanically pressing Pb0 2 powder had a very low Pb (0.001 to 0.002%) concentration regardless of the duration of electrolysis.
Table IV summarizes the results.
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FIGURE 18. NaF pre-treated Pb-Ag
anode, cross section, 650X.

FIGURE 19. NaF pre-treatea anoae
after 24 hours in Zn electrolysis,
cross section, 650X.
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TABLE IV.

Electrolyses Using Pb-Ag (0.75%) and Pressed Pb0 2 Anodes
--,---

Cell
Vo 1tage
volt

Anode and Electrolyte

Current Power
Pb in Zn
Eff.
Eff.
%
kwh/lb.
%

Fresh Pb-Ag anode in pure Zn
electrolyte

3.28

95.7

1. 28

0.015

Pb-Ag anode previously used for
27 hours, fresh pure electrolyte

3.29

95.7

1.29

0.005

NaF pre-treated anodesl in pure
electrolyte. Cons'ecut ive
stripping every 2 hours

3.34-18 2
3.25-14
3. 18-14
3.14-07

95.8
96.2
96.4
96.1

1.26
1.23
1.23
1.20

0.006
0.005
0.005
0.017

3.45
3.42
3.39
3.40

96.3
96.2
95.7
96.3

1.31
1. 31
1.30
1.30

0.002

3.40

95.8

1. 30.

0.001

Pressed Pb0 2 anode3, fresh pure
electrolyte at the beginning and
the electrolyte was continuously
used. Consecutive stripping every
2 hours
Pressed Pb0 2 anode previously
used for 24 hours, electrolyte
was also previously used for 24
hours with the Pb0 2 anode
Electrolyzing conditions:
and 2 hours.
1
2
3

0.003

200 g/1 H2 S0 4 , 65 g/1 Zn, 40° C, 75 A/ft 2 ,

Pre-electrolyzed for 16 hours at 40° C and 40 A/ft 2 in a NaF
solution (45 g/1 NaF).
Cell voltage range, at the beginning and end of the electrolysis.
Pressed at 15 tons/in 2 using 5% Na2Si03 as a binder and sintered
for few hours at 250° to 300° C.
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B.

Electrolyses after additions of Pb0 2 , PbS0 4 , Pbco 3 , Srco 3 ,

and ce 11 s I udge.
Additions of Pb02, PbS0 4 , and industrial cell sludge were made to
the cell in order to determine their effects on Zn contamination since
these compounds are usually found in commercial practice.

In a few

cases combined additions of Pb0 2 with PbC0 3 or SrC0 3 were also made to
study the carbonate effect on the reduction of Pb in the deposit.

All

electrolyses were carried out after stirring and then settling for 2
hours at 40° C.

Table V summarizes the results.

The Pb content in the deposit increased with increases in the Pb0 2
addition.

Particles which were shaped like the Pb0 2 added appeared to

cling to the electrode surface when a large amount of Pb0 2 was added.
Fig. 20 shows the surface of a deposit, prepared after the addition of
5 g/1 Pb0 2 , on which Pb was found using the X-ray spectrometer.

The

compound was possibly PbS0 4 which was formed by the reduction of Pb02
on the cathode.

The addition of PbS0 4 to the cell produced a deposit

with 0.005% Pb and there was no indication of the sulfate remaining on
the surface as shown in Fig. 21.
deposit with 0.003% Pb.

The cell sludge addition produced a

Fig. 22 shows that the surface structure of

the deposit has much larger facets.

The triangular growth pattern ob-

served in this figure was common to all deposits made from solutions
with a high Pb content.
The combined additions of Pb0 2 with PbC03 and SrC03 decreased the
Pb content from 0.042% to 0.015 and 0.009%, respectively.
The orientation of the electrode prepared in an electrolyte containing 5 g/1 Pb0 2 was rather a mixed-type.

The same amount of PbS04
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TABLE V. Electroly ses After Additions of Pb0 2 , PbS0 4 , PbC0 3 , SrC0 3 ,
and Ce 11 S1udge.

-·

Added Materials
mg/1

Ce 11
Current Power
Eff.
Voltage Eff.
b.
kwh/1
volt
%

-

Pbo 2 3

10
100
1 ,000
5,000

96.4
96.3
96.6
96.2

3.37
3. 29
3.41
3.51

1.27
1.30
1. 31
1.36

Surface Orientati onl
(Ratio to ASTM standard) 2
~00·2) ~10·1} (10·2} (10·3)
(0.005% Pb
(0.016% Pb
(0.042% Pb
(0.060% Pb
1.0
1.1

in
in
in
in

-

Zn)
Zn)
Zn)
Zn)
1.8

3.4
0.4

3.51

94.6

1.38

(0.005% Pb in Zn)
1.8
1.0

(Pb02 1,000) +
(SrC03 100)

3.45

97.2

1.32

(Pb02 1 ,000) +
(PbC03 200)

3.49

(0.009% Pb in Zn)
--2.0 --(0.015% Pb in Zn)
--2.0 ---

Cell S1udge 45,000

3.45

PbS04

5,000

98.6

·--

1.38

-

r----- I-·

95.3

·--·
Electroly zing condi~ions:

- ----·-

---

1.32

-

(0.003% Pb in Zn)
--- 1.0 1.0

-------

200 g/1 H2S0 4 and 65 g/1 Zn, 40° C, 75 A/ft 2 ,
and 2 hours.

1 Back side was a preferred orientati on of (00·2).
2 (oo·2) o.5; (Jo·o) o.4; (lo·l) 1.o; (10·2) o.3; (10·3) 0.2.
3 Particle size was less than 5~ (95%).
4 Taken from an industria l plant. Composition in %: 0.02 Ag,
2.4 CaS0 4 , 69.4 Mn0 2 , 2.1 SrS04, 2.5 ZnS04, 8.3 (PbS04 + Pb02),
and 13 H20.
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in the cell gave a similar orienta tion but without any (00·2) orienta tion detected .

The addition of cell sludge produced a deposit with

(10·1) and (10·2) orienta tions and almost no (00·2) or (10·3) orienta tion was found.

The PbC03 or SrC0 3 addition with Pb0 2 gave a pro-

nounced (00·2) orienta tion and all other orientat ions were very weak.
The current efficien cy was fairly high regardle ss of the added
species .
3.

Effect of Ni on Zinc Deposits With Varying Process Conditio ns.
Zinc deposit s were prepared from electrol ytes containi ng various

amounts of Ni under varying electrol yzing conditio ns in an attempt to
study the re-solu tion mechanism.

Some orientat ion studies were also

made on a few of the short-ti me deposit s.

Ni was chosen since it

seemed to be represe ntative of impuriti es which reduced the current
efficien cy by re-solut ion of the deposit , with a very small concent ration in the electro lyte.
The electrod e surface produced was fairly smooth, with no apparent corrosio n sites found during the incubati on period.

For this

period, the current efficien cy was high and remained constan t.

The

incubati on period decrease d with increase s in the Ni concent ration in
the electro lyte as shown in Fig. 23.
at 40° C and 75 A/ft2.

These deposits were all prepared

With 1 mg/1 Ni in the electro lyte, no drastic

reductio n in the efficien cy occurred at 30° or 40° C for the time interval studied .

However, lower current densitie s tended to give a

lower current efficien cy with time.

The incubati on period was appar-

ent when the electro lysis was carried out at 50° Cas shown in Fig. 24.
This series of deposits was prepared at 50° C.

Fig. 24 also shows the
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FIGURE 23. Effect of Ni concentration on incubation period,
trolyzed at 40° C and 75 A/ft 2 • (See APPENDIX 2)
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24. Effect of current density on incubation ~eriod, electrolyzed at 50° C in an electrolyte containing 1 mg/1 Ni. (See
APPENDIX 2)
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time independence of the deposits prepared in a pure electrolyte at
50° C and 43 or 75 A/ft2.
During the initial stage of the re-solution, pits formed which became larger in area with electrolyzing time.

Pitting was usually more

prevalent at lower current densities or higher cell temperatures.
There were only a very few pits in the deposit prepared at 30° and
40° C at current densities of 43 A/ft 2 or higher.

The presence of pits

could be detected within 15 minutes of the start of deposition by the
presence of H2 bubbles clinging to the cathode surface.

The surround-

ing areas of these pits had a deposition-type morphology with sharp
platelets as shown in Fig. 25 with an absence of a detectable amount
of Ni.

The deposition-type structure was indicated by the clear fac-

ets and an absence of any film-like deposits on the pit walls.

When

the electrode was prepared at 50° C the surface exhibited a spider-web
structure with time and very large pits were found.

Fig. 26 shows an

example of the corrosion-type pit in the early stages with no detectable amount of Ni in the pit.

This type of pit was found to eventually

grow completely through the deposit with increasing electrolyzing time
and this was accompanied by vigorous H2 evolution from the pit area.
Fig. 27 shows an example of the structure on the inside wal 1 of a pit.
This electrode was prepared in an electrolyte containing 1 mg/1 Ni at
50°

c

and 75 A/ft2.

The current efficiency was high even with pits

present, provided no Ni was detected in the pit.
It was found that a part of the added Ni codeposited with Zn even
though the current efficiency was relatively high.

The presence of Ni

was verified by corroding the deposit in a pure electrolyte without an
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FTGURE 25. 2-hour deposit, 1 mg/1
Ni in the electrolyte, 40° C and
75 A/ft 2 , 300X.

FIGURE 26. 2-hour deposit at resolution area, 1 mg/1 Ni in the
. electrolyte, 50° C and 75 A/ft2,
1 ,ooox.

FIGURE 27. 14-hour deposit at inside
wall of a pit, 1 mg/1 Ni in the electrolyte, 50° C and 75 A/ft 2 , l,OOOX.
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applied potential.

Fig. 28 shows the surface of the corroded deposit.

This film contained a detectable amount of Ni.

The corrosion sample

was prepared from an electrode which was deposited in an electrolyte
containing 1 mg/1 Ni at 40° C and 75 A/ft2.
It was apparent that the codeposited Ni could not be detected in
the as-deposited condition by the spectrometer at low concentration
if it was deposited homogeneously throughout the electrode.

When re-

solution of the Zn occurred, the codeposited Ni tended to remain on
the site, thus accumulating to a detectable concentration.

Fig. 29

shows the non-dispersive X-ray pattern at the re-solution site.

The

re-solution site had a salt-like appearance as shown in Fig. 27, previously, and the presence of S in the pattern possibly indicated that
the Ni was present with ZnS0 4 owing to a low acid concentration at the
site.

The Fe peak was introduced from the pole piece of the SEM and

was not actually present in the deposit.
The cathode potential at the re-solution site was found to be more
positive than the bulk surface (by approximately 0.1 volt) when electrolyzed at 75 A/ft2 in an electrolyte containing 5 mg/1 Ni.

However,

the overall cathode potential remained fairly constant until the corrosion area became very large.

The potential difference between the

corrosion site and the rest of the electrode surface was very small at
the beginning of re-solution.

The difference became a maximum when a

part of Zn was corroded away and Hz gas evolved from the Al sheet.

It

was very difficult to accurately measure the cathode potential at the
re-solution site since the H2 gas from the electrode surface filled
the Luggin capillary very quickly.
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FIGURE 28. Surface of 2-hour deposit after corrosion in a pure
electrolyte. This electrode was
deposited originally at 40° C and
75 A/ft 2 with 1 mg/1 Ni in the
electrolyte, l,OOOX.

FIGURE 29. Non-dispersive X-ray
pattern of the surface shown in
Fig. 27.

When the orientations of the short-time deposits, prepared from
an electrolyte containing 1 mg/1 Ni, were compared, the following trend
was observed.

Generally the (00·2) plane orientation was missing at

30° and 40° C regardless of the current density with the exception at
40° C and 43 A/ft2.

The orientation became (00·2) preferred at 50° C.

It was obvious that the changes in the current density contributed very
1 ittle to alteration of the orientation.

Table VI summarizes the

results.
It was interesting to note that the current efficiency was high
for al 1 the deposits while,the best power efficiency was obtained at
30° C and 14 A/ft 2 .
A more detailed description of electrolyses in Sb-containing electrolytes is given in APPENDIX 3.

APPENDIX 4 .contains a complete 1 ist-

ing of the corrosion results for samples of electrodeposited Zn.
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TABLE VI. Effect of 1 mg/1 Ni on Zn Deposition Under Varying
Current Densities and Cell Temperatures
r-·---r-·

Cell Current
Cell
Current Power
Surface Orientation 1
Temp. Density Time Voltage Eff.
(Ratio
Eff.
to ASTM standard)2
0
c A/ft 2 hr. volt
kwh/lb. {00·2) (10·1) (10·2} (10·3~
%
14
43
75
105

2
2
2
2

3.04
3.29
3.63
3.78

93.8
94.7
95.7
93.0

1.17
1.30
1. 41
1.54

2
2
2
2

2.99
3.21
3.43
3.70

92.0
95.8
94.2
96.9

1. 21

40

14
43
75
105

Powdery deposit

50

14
43
75
105
137

30

-

i:]_J.I4

6.5
2
2

-

3-33
3.55
3.70

.

Electrolyzing conditions:
1 Back side had (00·2)
2 ( 00 . 2) 0 . 5; ( 10. 0) 0.

93.6

95.1
95.8
95.7

-·--

1.21
1.34
1.43
1.25
1.30
1.47
1.43

---

-----

-----

2.0

-----

2.0
2.0
2.0
2.0

-

1.0
1.0
1.0
0.2

1.3
3.0
1.5
1.0

1.3
4.0
1.0
4.0

0.2

2.0

1.0
0. 1

1.3
2.0

4.0
1.0
2.0
4.0

--- ---

------0.3

--

--- -------

-------

---

200 g/1 H 2 SO~, 65 g/1 Zn, and 1 mg/1 Ni.

preferred orientation.
4; ( 10. 1) 1 . 0 ; ( 10. 2) 0. 3 ; ( 10. 3) 0. 2 .
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IV.

DISCUSSION

The results of this study show that the morphology, orientation ,
and current efficiency of the deposited Zn are quite dependent on the
conditions imposed during electrolysi s.

By nature the process is quite

complex, and in many instances synergetic effects have made interpretation of certain observed phenomena difficult.

Although anomalies

are present in some cases, it is possible to explain, at least partially, two aspects of Zn electrowinn ing, electrocrys tallization , and
deposition efficiency, which should assist in establishin g a clearer
understandi ng of this process.

Even though these two aspects are in-

timately related, they wi 11 be discussed separately in order to provide more individual emphasis.
1.

Electrocry stallization
The electrocrys tall ization of metal involves several steps.

In

the initial or epitaxal stage of growth, the size, shape, and orientation of the deposited crystals are usually influenced by the substrate. 11
This effect was observed for the crystal! ization of Zn on Al cathodes,
as a preferred orientation of (00·2) was common for all deposits at the
initial stage of growth, regardless of the electrolyzin g conditions.
The initial (00·2) basal plane orientation was probably caused by a
high concentrati on of Al+3 in the double layer during the first stage
of growth because the (00·2) preferred orientation remained predominant
throughout the deposition period when A1+ 3 was added as an impurity.
After the initial stage, a definite orientation pattern was established
after a certain time of deposition and this depended on the additions
made to the electrolyte and the process conditions.

The orientation ,
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once established, usually remained constant throughout the electrolyzing period.

This indicated that a crystal with wel 1 defined faces

could be considered the product of its growth history.

Since all crys-

tal faces did not grow at the same rate, the rate of growth determined
the probability of their survival.

Fast-growing faces tended to grow

out of existence while slow-growing faces survived.
It has been shown previousJylO that a lateral growth mode with
(00·2) orientation is favored with increasing temperature, decreasing
current density, and an absence of organic additives, such as glue.
In general, the (00·2) preferred orientation occurs under conditions
where the cathode overpotential is low and there is less interference
with the Zn deposition step.

The orientation of the Zn electrodeposited

from a pure acid-Zn solution at 40° C and 75 A/ft2 showed a strong mixture of (10·2) and (10·3) preferred orientation after a few hours of
deposition.

However, the orientation was (00·2) preferred at 50° C.

These facts indicate that the growth mode changed at 40° C from lateral
to more outward as the effect of Al+3 became negligible while the lateral growth mode remained at 50° C.

Therefore it is assumed that the

growth rates for the various planes would be approximately in the order
V(l0· 3) >V(ll·O) >V(JO·l) >V(lO·Z) >V(lO·O) >V(00· 2) with a (00·2) preferred orientation being obtained for a lateral growth mode.
With various added impurities or organic additives in the electrolyte, a change in the relative growth mode appeared to occur.

For the

electrolyzing conditions imposed (40° C and 75 A/ft 2 ) the orientation
was dependent on the type and the amount of added species.

The pres-

ence of AI, Ge, and Sb in the electrolyte tended to produce (00·2)
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basal plane orientation with the (00·2) plane growing at the slowest
rate, assuming lateral growth.

However, the (00·2) basal plane edges

of the Ge and Sb deposits had an irregular step-like or corrosion appearance and sometimes pitting was in evidence, particularly as the
current efficiency decreased.

This particular morphology was very

characteristic of deposits made with Ge and Sb additions and could be
used as a definite indication for the presence of these impurities in
the electrolyte.

All other cationic impurities caused a mixed or ran-

dom type orientation; however, the orientation tended to shift toward
the preferred (00·2) as the concentration of the impurities increased.
It was evident that a more outward mode of growth occurred in the presence of Pb compounds, anode slime (mostly Mn and Pb compounds) from an
industrial electrolytic Zn plant, or organic or inorganic additives.
The presence of Pb0 2 in the cell caused a mixed orientation with a
strong (10·3) plane showing, whereas the (10·3) orientation was weak
and the (00·2) plane was absent in the presence of PbS04.

The anode

slime in the cell produced a Zn deposit without (00·2) and (10·3)
orientations.
The organic additives, animal glue and gum arabic, gave a preferred orientation of (10·1) with a reduction in the current efficiency
and a facet size also being noted.

The reduction in the efficiency can

be attributed to a polarization of the cathode or shielding of the
available cathode surface for Zn crystallization by the adsorbed additives.

The glue itself, or impurities in the glue, could also be serv-

ing as sites for H2 evolution due to their lower

H2

overpotential.

Hhen

the amount of adsorbed materials became significant, the overpotential
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on Zn appeared to increase.

The hydrogen or Zn overpotential on Zn

should vary depending on the orientation and morphology.

Assuming that

the overpotentials are a function of planar density, these values
should increase in the reverse order of the growth velocities.

This

increased overpotential shifts the mode of deposition from a maximum
of lateral and outward to more outward growth, with a subsequent decrease in the (00·2) orientation.
The surface morphology was also greatly influenced by the type
and concentration of ions in the electrolyte.

The surfaces of the Zn

cathodes had a smooth physical appearance, as it was for the pure deposit, when the deposits were prepared in electrolytes containing low
levels of cationic impurities at 40° C and 75 A/ft2.

However, pit-

ting, waffling or honeycombing (considerable interconnecting porosity
giving a low density deposit), and at times localized re-solution became evident, depending on the added species, as the level of impurities increased.

A very few pits were found in the deposits prepared

from the electrolyte containing Ag, AI, Cu, Mn, or Ni.

However, very

localized corrosion, usually at the edges or top of the cathode, occurred in the presence of Ag, Cu, or Ni impurities.
the electrode surface was usually unaffected.

The remainder of

The honeycombed sur-

face was found in the deposits prepared in the presence of Ti in the
electrolyte.
Pitting became more prevalent with reduction in the current density or an increase in the cell temperature in the presence of Ni or
Sb in the electrolyte.

39

No physic al surfac e irregu laritie s were found on the Zn depos its
and
prepar ed from electr olytes contai ning Pb compounds, anode slime,
organ ic or inorga nic additi ves.
In gener al, facet size became smalle r with increa sing levels of
added impur ities.

This can be explai ned by the fact that the impuri -

to
ties codep osited or interf ered with the Zn depos ition suffic iently
create more nuclea tion sites.

The reduct ion in the facet size was more

preva lent with the additi ons of Cd, Cr, Ti, and Pb compounds.

With

conthese impur ities presen t, the curren t effici ency remained fairly
stant.

This behav ior was fairly typica l for additi ves with high hydro-

gen overp otenti als.

These impur ities appear ed to polari ze the elec-

that
trode just suffic iently to alter the growth patter n of Zn from
obtain ed from pure soluti ons.

It was also intere sting to note that

was in
the Pb conten t of the cathod e was consid erably higher when Pb0 2
the cell than for equiv alent amounts of

PbSO~.

Furthe rmore, with in-

Pb to
dustri al anode slime in the cell, the Zn was contam inated with
about the same degree commonly found in commercial practi ce.

The facet

the
size was larger with anode slime presen t but it appear ed that
amount of Pb contam inatio n in the Zn contro lled the facet size.

The

it
very distin ctive triang ular type morphology obtain ed with Pb made
easily identi fiable .

In fact, it was possib le to roughl y estima te the

amount of Pb in the cathod e from the morph ology.
The effec t produc ed by additi ons of two differ ent additi ves was
of partic ular intere st.

The (10·1) prefer red orient ation obtain ed in

d to
the presen ce of 10 mg/1 animal glue in the electr olyte was altere
3 with
a (00·2) basal plane type orient ation upon adding 500 mg/1 A1+
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the glue.

However, the (10·1) orientation was retained when only 100

mg/1 A1+ 3 was added with 10 mg/1 of animal glue.

A similar effect was

noted when Na2Si03 was substituted for the A]+3.

I:Jith low concentra-

tions of Na2Si03 the morphology, orientation, and current efficiency
appeared to be controlled by the glue.

As the silicate content was in-

creased, the surface characteristics remained constant but the current
efficiency increased.

Finally the silicate completely overcame the

glue effect and gave results similar to those when no glue was present.
This points out the importance of controlling the relative ratios of
al 1 chemical species in the cell.

The results can be optimized if the

relative effects of the additives are accurately known.

For example,

it is possible to keep the good effect of the glue as a leveling and
grain refinement agent and yet increase the current efficiency by means
of Al+ 3 or Na 2Si0 3 additions.

The latter seem to act as buffering type

agents with respect to the hydrogen evolution reaction.

After a cer-

tain level is reached however, the electrocrystallization is controlled
by the buffering agents and any advantages to be gained from the glue
are completely lost.
The results also indicated that any desired orientation could be
obtained by a proper adjustment in the concentrations of the impurities
and additives.

It is also now quite evident that merely monitoring the

organic additions added to the cell for deposit control is not sufficient.

Even small concentrations of those classes of impurities nor-

mally described as "non-interfering" can alter the deposit substantially, and should not be overlooked, as has been done in the past.

This

illustrates the importance of completely characterizing the electrolyte
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if the cathode structure and current efficiency are to be controlled.
For example, if a commercial process is operating at 93% current efficiency and the effective concentration of AJ+3 or Na 2Si0 3 were to drop
without notice, then the efficiency could easily decrease to 90% without any noticeable changes in the Zn.

For an average size plant, losses

of this magnitude could amount to $2,500 per day based on current
prices.

Similar comparisons might be made for the change in surface

roughness with variations in electrolyzing conditions.
2.

Cathode Current Efficiency
The Zn current efficiency was always high (95% or better) and

time-independe nt when Zn was electrolyzed from a pure solution at 40° C
and 75 A/ft 2 , at least up to 22 hours of plating time.

Most of the im-

purities added to the electrolyte reduced the current efficiency at
least partially below that obtained from pure solution.

The effective

concentration at which a substantial drop in the current efficiency (5
to 10%) occurred varied, depending on the impurity and the electrolyzing conditions.

It was impossible to compare these results with much

of the previous work2,3, 4 ,7,13 since no indication of the electrolyzing
time was given in most instances.
The cation impurities that greatly lowered the Zn current efficiency can be classified into two groups according to the nature of the
reaction involved in reducing the efficiency.

The presence of Ag, Cu,

and Ni in the electrolyte produced a preferential re-solution of the
deposit while Ge, Sb, and Sn caused evolution of H2 over the entire
electrode surface without localized corrosion of the Zn.
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When Ni was added to the electrolyte, there was little or no physical evidence of re-solution until a certain time had elapsed.

When re-

solution did start, it was most prevalent at the top or sides of the
electrode, with entire areas of the deposit being dissolved and exposing the underlying Al.

These areas grew with time and once they were

present, there was a continual decrease in the current efficiency with
time.

Even though large areas of the Al were re-exposed to the solu-

tion, no deposition of Zn ever occurred.

This was probably due to the

fact that there were certain minute concentrations of impurity remaining there, which lowered the hydrogen overpotential sufficiently to
prevent Zn deposition.

The degree to which this effect was noted was

directly proportional to the Ni concentration.

No Ni was detected so

long as the current efficiency was high, but an accumulation of Ni in
the pits or at re-solution areas became apparent when the current efficiency dropped sharply.

This usually indicated the end of the incuba-

tion period and the beginning of active re-solution.

With I mg/1 Ni

in the electrolyte there was no evidence of re-solution at 30° or 40° C
and 75 A/ft2, and the current efficiency was high.

At 50° C pitting

was apparent from the beginning of the deposition.

The pits were shal-

low initially but eventually they went through the deposit revealing a
part of the AI cathode.

There was no detectable amount of Ni in the

pits in the early stage of deposition.

However, a large concentration

of Ni on the inside wall of the pits was observed when a sharp drop in
the current efficiency occurred.

At 50° C the incubation period was

shorter at 137 A/ft2 than at 75 A/ft 2 in the presence of 1 mg/1 Ni.
The higher current density unexpectedly did not protect the Zn from
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corrosion.

This can probably best be explained by the difference in

the surface morphology, since the pits were deeper at 137 A/ft2.

This

condition might have made zn+2 diffusion difficult or produced a potential gradient along the pit wall, thus enhancing the corrosion process.
The incubation period became shorter with higher Ni concentrati ons
in the electrolyte at 40° C and 75 A/ft 2 .

This was due to more Ni be-

ing codeposited with the Zn since there was a higher Ni concentrati on
in the electrolyte .

Even with the higher Ni concentrati ons, the only

detectable amounts were found at the re-solution sites and not on the
unaffected remainder of the surface.
The concentrati ons of Ge, Sb, and Sn required to cause reduction
in the current efficiency were very low, by almost an order of magnitude, when compared to the other impurities.

These impurities reacted

from the start of the deposition but they were never found on the electrode surface, except for Sn.

The presence of Sn on the electrode sur-

face can be explained by the fact that the sn+ 2 originally added to the
electrolyte may be oxidized to hydrated Sn02 (colloidal) by the 02 in
the electrolyte .

Then this oxide is attached to the electrode.

It is

not felt that this is the active form of Sn responsible for the poor
current efficiency.
Impurities found at the re-solution sites by means of the X-ray
spectromete r were Ag, Cu, and Ni while Cd, Pb, and Sn were found in
pitted areas.

No Al, Co, Cr, Ge, Mn, Sb, or Ti was detected on the Zn.

If the impurities causing re-solution are of the Ni type, it would be
possible to detect their presence by techniques similar to those used
in this study.

It would not be possible to directly detect the cause

of low current efficiency if impurities such as Ge and Sb were active.
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However, these impurities gave such a distinctive morphology that indirect determination of their presence might wei 1 be possible.
Two mechanisms can be proposed to explain the reduction in the
current efficiency due to the presence of impurities in the Zn electroThey are:

lyte.

(a) reduction of H+ on codeposited impurities with

low hydrogen overpotentials combined with localized cell corrosion and
(b) continuous codeposition and evolution of Hz on Zn without preferential areas of Zn corrosion.

Mechanism (b) may involve interaction

between the impurities and hydrogen ions in the double layer without
the impurities actually depositing cathodically on Zn.

For example,

it has been proposed that hydrides form in the double layer thus providing an alternate path for hydrogen evolution.

This reasoning can

be substantiated by the fact that these (hydride-forming) impurities
have never been found on the deposit and only very small concentrations
are required in the electrolyte for them to become active.

Also they

have fairly high hydrogen overpotentials, and would not be expected to
be particularly harmful when deposited in the metallic state.

Among

the various impurities tested, Ag, Cu, and Ni can be classified under
mechanism (a) while Ge, Sb, and Sn can be grouped under (b).
The following steps are proposed for mechanism (a), and are based
on the experimental results obtained.

This mechanism would account for

the decrease in current efficiency with time which is so prevalent in
Zn electrolysis.

It is felt that this mechanism is appropriate only

when the active impurities are ones with Hz overpotentials lower than
Zn and suitable decomposition potentials to allow cathodic deposition.
1.

Initially codeposition of the impurity occurs over the entire

electrode surface.

The deposition rate will be proportional to the

impurity concentration.

At this stage the impurity concentration is

not sufficient to cause corrosion of the Zn.

During this period the

surface remains fairly smooth and uniform and the current efficiency
is high.

Since the codeposited impurity is uniformly distributed over

the entire electrode, a uniform cathode potential exists without the
presence of any extensive mixed potential regions.

During the early

stage of deposition, the specific current density is very close to the
geometrical current density, which also assists in producing a uniform
cathode potential over the entire electrode surface.
After a certain time, activation of the codeposited impurity

2.

begins due to a change in the surface morphology or surface roughness.
When the surface becomes rough, the specific cathode current density
for Zn decreases at recessed areas.

This creates a local potential

difference on the cathode surface, which initiates local cell Zn corrosion.

The re-solution usually starts at the top or the edges of the

cathode.

The electrolyte is stagnant at the edges due to adherence of

H2 on the edge strips.

The highest concentration of the evolving gases

is found at the solution level.

These conditions probably account for

the initiation of re-solution or local corrosion at these sites.

3.

As the corrosion of Zn becomes more extensive, more impurity

is exposed and it tends to agglomerate since it is cathodically protected.
site.

Thus, the area of exposed impurity increases at the corrosion
This also creates a higher pH and a more positive potential at

the corrosion site, which further accelerates the reactions.

The pH

at the corrosion site can be higher due to a deficiency in H+ which is

46

reduced to H2 by corrosion of Zn.

When the Impurity site becomes

larger in area, the corrosion rate increases.l4

4.

When the corrosion of Zn proceeds so as to expose the Al sheet

on which the Zn has been deposited, H2 evolution occurs at two sites,
on both the corrosion area and the Al cathode.

At this stage, a dras-

tic reduction in the Zn current efficiency is observed.

'4hen H2 is

evolving from the Al sheet, the originally codeposited impurities on
Zn accumulate on the Al.

Thus, the current density on the Al surface

is higher than on the bulk areas where Zn is depositing.

The process

is therefore somewhat autocatalytic.
In step 1 of mechanism (a), H2 evolves slightly from the codeposited impurity-site and the Zn current efficiency is proportional to the
amount of current used for the H2 evolution.s

However, this proportion-

ality can only be applied when homogeneous deposition of Zn is taking
place.

Then the Zn current efficiency is given by
C. E.= (I - iH0)100/I

where I is the geometrical current density, iH is the current density
at the impurity-site, and e is the surface area covered by the impurity.
If 0 is assumed to. be proportional to the bulk concentration, 15 then
0

= kc0

where k Is a constant involving the surface conditions (orientation,
grain or facet size, surface roughness, internal stress, etc.) and c0
is the bulk concentration of the impurity.

Based on these assumptions,

reversal of the cathode polarity may reveal a magnified effect of the
codeposited impurity since dissolution of Zn can take place not only
by anodic reactions but also by galvanic reactions between the impurity
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and Zn.

Thus, some of the newer techniques used in Cu electrolysis

for improving current efficiency such as periodic current reversal
would probably not be applicable in commercial Zn electrolysis.

How-

ever, if the mechanism proposed is correct, this might afford a shorttime method for evaluating Zn electrolytes.

There is also a new proc-

ess (NET) recently introduced 16 which incorporates a continuous abrasion of the cathode into the normal electrolytic process.

In light of

the work presented here, this would offer an excellent means of overcoming the effect of impurities in the electrolyte, particularly those
which decrease current efficiency by proposed mechanism (a).
In mechanism (b) Hz evolution would occur by the following steps.
An impurity-hydride formsl7,18,19 in the double layer and subsequently
diffuses out into the bulk solution.

The hydride stability would be

less in the bulk solution due to the lower pH and also there would be
no cathodic protection of the hydride.

Upon decomposing, Hz would

evolve leaving the cation free to participate in another identical sequence of chemical steps.

The Hz evolution reaction would not have to

take place directly on the Zn electrode since the hydride could be
formed in the double layer without depositing the impurity on Zn.

An

example of this reaction is shown below.
In bulk solution
In double layer
xM+ + yH+ + (x + y)e- = MxHy ----~ MxHy = xM+ + 1/2yH2 + xe
These impurities could act as hydrogen depolarizers and their effective
concentrations could be orders of magnitude lower than impurities which
actually deposit with Zn since they are not consumed by the reaction.
The cell temperature was also an important factor that affected
the current efficiency when an impurity, which reduced the current
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efficie ncy, was presen t in the electro lyte.

Ordina rily a higher cur-

rent density assists in improving the curren t efficie ncy but this beneficial effect can be elimina ted by an increas e in the cell temper ature.
The efficie ncy for a 24-hou r deposi t was above 93% at 40°
A/ft 2 in the presenc e of 1 mg/1 Ni in the electro lyte.

c

and 43

However, an

increas e of the cell temper ature by 10° C decreas ed the curren t efficiency to 80% for an 18-hou r deposi t at 75 A/ft2.

Mante113 states that

the maximum level of Ni allowed in industr ial practic e is 0.01 mg/1 in
order to have a reasona ble curren t efficie ncy.

This indicat es that

the Ni concen tration must be very low in the presenc e of various impuritie s, commonly presen t in industr ial practic e, since normal operating temper ature is 30° to 40° C.

However, there is no mention of the

electro lyzing time or the surface morphology.

For exampl e, if the de-

posit is very pitted or honeycombed, such as when Ti is presen t, the
allowa ble level of Ni can be expecte d to decreas e substa ntially .
A rough estima te of the allowa ble Ni concen tration as a functio n
of time was made by plottin g the Ni concen tration s against the incubation time or the time at which a sharp reducti on in the curren t efficiency appeare d to occur.

Fig. 30 shows the efficie ncy should drop be-

low 93% within 15 minute s of electro lysis when 10 mg/1 Ni is presen t
in the electro lyte.

A series of similar curves for differe nt electro -

lyzing conditi ons would allow almost comple te charac terizat ion of the
system .
Redox potent ials of the impuri ties are very useful in predict ing
corrosi on behavi or.

All metals with reversi ble potent ials more nega-

tive than hydroge n will tend to be corrode d by acid solutio n in the

49

10 4

\

\

\

\

\

\

\

\
\

\

\

\

''

\

::J

c:

.

'

\

Cb

~

·-E

\

\

\

\

10 3

LLJ

-1~(!)

z

N

~

0

a::

2
1- 10

u

_.

LLJ

w

93Cfo
at

1o 1

current

40 °C

and

efficiency

75 A/ft 2

I

0.1

Ni

CONCENTRATION, milligram/li ter

FIGURE 30. Effect of Ni concentration on time for resolution initiation.

10

50
absence of oxidizing reagents.

Half-cell potentials can be used to

establish a criterion for corrosion.

The half-cell potentials may in-

dicate a spontaneity of metal corrosion but they do not necessarily
indicate that corrosion will occur.l 4

Metals will be essentially

corrosion-free if protective films form or anodic passivation occurs.
The exchange current density of hydrogen evolution on metals can be
used as a guideline for prediction of the impurity effect on the Zn
current efficiency.

However, the exchange current density is depend-

ent on the specific surface area, and as a consequence, it is dependent on surface roughness.
It is very difficult to correlate the effect of impurities on the
cathode potential or hydrogen overpotential on Zn since many impurities
reacted locally.

However, a few previous studies 6 ' 7 indicated that the

cathode potential became more positive in the presence of Ni in the
electrolyte.

This effect was observed in this study only when local-

ized corrosion of the deposited Zn occurred.

The cathode potential be-

came also more positive when H2 evolution occurred over the entire
cathode surface.

Generally, the hydrogen overpotential decreased with

an increase in the area of the impurity-site on the cathode.

This

might shift the cathode potential toward a more positive value causing
increased corrosion of Zn.
Finally, it is always desirable to decrease all impurities that
cause reduction in the Zn current efficiency to a negligible level during the solution purification or to make these impurities inactive during the electrolysis.

This is not always feasible however.

Consider-

ing the difficulties involved in the solution purification, it is
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better to obtain a reasonable current efficiency for a long-time (more
than 24 hours) deposit by extension of the incubation period in the
presence of such impurities rather than trying to completely eliminate
them.

This may be accomplished by making the electrode surface as

smooth and uniform, free of pits and dendrites, as possible.

The ex-

act procedures that can be used to accomplish the aforementioned objectives are dependent on the process conditions.
It is essential to properly characterize the entire system before
attempting to correct any deficiencies.

It appears that one very im-

portant part of this characterization has to do with the orientation
and morphology.

Unless these determinations are made on a routine

basis, it is difficult to believe that the cathodic deposition of Zn
can be controlled.
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V.
a.

CONCLUSIONS

The electrocrystallization of Zn is greatly affected by the

process conditions, such as temperature, current density, and chemical
composition of the electrolyte, imposed during the electrolysis.
perature seems to become particularly critical in a range 40°

c

Temor

higher.
b.

Most cationic impurities tend to produce a (00·2) preferred

orientation with increasing concentration.

When compared with previous

experimental results, this seems to indicate a lesser degree of polarization of the electrode with conditions of free growth.
c.

Organic additives polarize the electrode to a greater extent

than most inorganic additives, and shift the growth mode from lateral
to outward.
d.

It is possible to approximately determine the impurities which

are active in an electrolyte by examining the deposits using the SEM.
Certain impurities were found to consistently produce a specific type
of surface morphology.
e.

The mechanism whereby the Zn current efficiency is decreased

is dependent on the active impurity.

From experimental results it is

possible to propose two different mechanisms.

Mechanism (a) involves

the codeposition of a low overvoltage metal with the Zn and subsequent
local cell corrosion of an autocatalytic nature with time.

Mechanism

(b) assumes the active impurity to react with hydrogen in the double
layer with subsequent decomposition in the electrolyte.

This then

leaves the impurity free to react again along a similar path.

These
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results indicate that a greater amount of impurity would be necessary
for mechanism (a) than mechanism (b), which seems to be true.
f.

It is possible to detect the presence of certain active impu-

rities by means of the non-dispersive X-ray spectrometer attachment on
the SEM.

This is particularly true for metals which would cause de-

creases in the current efficiency by mechanism (a).

Certain other

active impurities cannot be detected, because either they do not actually plate out on the surface or they are in too low a concentration.
g.

The incubation time can be determined as a function of impu-

rity concentration.

The time is also inversely proportional to the

impurity concentration and temperature.

Care should be taken in evalu-

ating this parameter however, as the morphology of the deposit is also
very important.

Rough, irregular, or pitted deposits present condi-

tions much more conducive to the initiation of Zn corrosion, and this
is one of the important steps to be considered in mechanism (a).
h.

The amount of Pb contamination in the Zn cathode is quite de-

pendent on the chemical phase of Pb which is present in the electrolyte.

As an example, the level of Pb in the cathode is much higher

with Pb0 2 in the cell than with PbS04.

54
VI.
1.
2.

BIBLIOGRAPHY

Potter, E.C., E._lectro._c:_h_:7mistry, Prin<:i_ple and.Ae..e_l ications,
C1eaver-Hume Press Ltd., London :-1§61. - - - ----Mathewson, C.H., ?inc, the Science and Technolosy of the Metal,
pp. 193-225, Reinhold Pub! ishing
Corp., New York, 1959.

l~_l~~~~ompo~,

3.

Mantel, C.L., !J_ectrochemi~~Engineeri~a. pp. 210-24, McGrawHill Book Co., Inc., NewYork, 1960.

4.

Pecherskaya , A.G., and Stender, V.V., "The Influence of Impurities
in the Electrolyti c Production of Zinc From Sulfate Solutions,"
J. Applied Chem., Vol. 23, U.S.S.R., 1955.

5.

Turomshina, U.F., and Stender, V.V., "Current Efficiency and
Cathode Potentials in the Electrolysi s of Zinc Sulfate Solutions
in the Presence of Ions of Metals More Electronega tive Than Zinc,"
J. Applied Chern., Vol. 28, U.S.S.R., 1955.

6.

Maja, M., and Spinelli, P., "Detection of Metallic Impurities in
Acid Zinc Plating Baths,'' J. of Electrochem . Society, Vol. 118,
No. 9, 1971.

'' 7.

Turomshina, U.F., and Stender, V.V., "Current Efficiency and
Cathode Potentials in the Electrolysi s of Zinc Sulfate Solutions
in the Presence of Metals More Electroposi tive Than Zinc," J.
Applied Chern., Vol. 28, U.S.S.R., 1955.

8.

Bratt, G.C., "Impurity Effects in the E1ectrowinn ing of Zinc and
Cadmium," Electrochem ical Technology, Nov.-Dec., 1964.

9.

Bockris, J.O'M., and Reddy, A.K.N., Mode~E1ectrochemis~,
pp. 1227-31, Vol. 2, Plenum Press, New York, 1970.

10.

Cole, E.R., "Electrode Reactions in Zinc Electrolysi s," Ph. D.
Dissertatio n, University of Missouri -Rolla, 1970.

11.

Re dd y' A. K. N. ' "Preferred Orr'entation in Nickel Electrodepo sits,''
J. of Electroanal . Chem., Vol. 6, pp. 141-63, 1963.

12.

Sato, R., "Crystal Growth of Electrodepo sited Zinc," J. of Electrochem. Society, Vol. 106, No. 3, 1959.

13.

Turner, G.H., "Corrosion and Electrochem ical Studies-Gen eral,
Effect of Antimony and Glue on the Crystal] ine Structure of Zinc
Electro-De posits," Cominco, Ltd. Trail, B.C., Canada, Personal
communicati on, 1971.

14.

Fontana, M.G., and Greene, N.D., Corrosion Engineering , pp. 297346, McGraw-Hi 11 Book Co., New York;--i967:

55

15.

Gaunce, F.S., "An Explanation for the Current Efficiency Loss During Commercial Electrowinning of Zinc From Aqueous Sulfate Solution,''
Texas Gulf Sulphur Co., Timmins, Ontario, Canada, personal communication, 1971.

16.

Mal in, T.H., "A Quantum Jump in Electroplating," Iron Age, July 15,
1971.

17.

Shamsul Huq, A.K.M., and Rosenberg, A.J., "Electrochemical Behavior of Nickel Compounds," J. of Electrochem., Vol. Ill, 1964.

18.

Zelenzny, N.F., Forman, J.H., and Wagner, G.T., "Germanium in the
Electrolytic Zinc Cell," Washington State University, Hashington,
oral presentation AIME meeting in 1960.

19.

Sneed, M.C., and Brasted, R.C., Comprehensive. Inorganic Chemistry,
Vol. V and VII, D. Van Nostrand Co., Inc., New York, 195b' and
1958.

56

VII.

VITA

Haruhisa Fukubayashi was born on April 15, 1936, in Fukuchiyama,
Kyoto-fu, Japan.

He attended public schools in Fukuchiyama and gradu-

ated from Fukuchiyama High School in March 1955.
He attended Meiji-Gakui n University, Tokyo, Japan, from April

1959 to October 1960.
He enrolled in the University of Missouri -Rolla, then the University of Missouri School of Mines and Metallurgy, in January 1962
and received the Bachelor of Science degree in Metallurgic al Engineering in January 1966.
He entered the Graduate School of the University of Missouri Rolla in September 1967 and received the Master of Science degree in
Metallurgic al Engineering in August 1969.

After completion of the

Master of Science degree he enrolled in the Graduate School in September 1969 as a Doctor of Philosophy candidate in Metallurgic al
Engineering .

57
VI I I .

TABLE VII .
Conditions

APPEND I X - 1

Electrolyse s in a Pure Electrolyte Under Varying Process
.

. I

.

Ce 11 Current
Current Power
Surface Orientation l
Ce 11
Vo lt age Eff.
Temp. Density T1me
Eff.
(Ratio to ASTM standard)2
h
r . vo 1t
0
c A/ft 2
kwh/ 1b. T60·2) ( 10. 1) ( 10. 2) (10·3)
%

2
14

40
75

0.25
0.50
1.00
2.00
4.00
6.00
16
22

3.46
3.46
3.46
3.48
3.45
3.42
3.41
3.43

7

43

3. 16
3. 19
,__3.20

75

4
8
12
22

3.38
3.38
3.34
3.37

Electrolyte :
1

17

2.99
3.01
3.02

4
12
22

50

2

·-----·

94.0
89.4
77.8

1.18
1.20
1.45

T-------

2.0

95.4
96.2
96.8
96.0
95.8

----

1. 34
1. 34
1. 31

1. 32
1.34

0.3
0.7

0.4

96.9
96.5
94.7

1. 23
1. 23

0.2

97.2
96.4
94.9
93.7

1. 31
1. 31
1. 33
1. 34

2.0

_____---- -·1.27

200 g/1 H2S0 4 ,

-----

0.8
0.5
0.5
0.6
1.0
1.0
0.3
0.8

_~_:_o
---

_ __

-

4.0
4.0
4.0

3.0
1.3
1.5
1.1

2.2

---

---

---

--2.7
2.0

*

4.0
4.0

I

2.7

4.0

·- - - - - 4.0
--1.5

65 g/1 Zn, and no Mn or additives used.

Back side of the deposit was a (00·2) preferred orientation .

(00·2) 0.5; (10·0) 0.4; (10·1) 1.0; (10·2) 0.3; (10·3) 0.2.
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APPENDIX - 2
TABLE VI II.

Electrolyses in Ni-Containing Electrolytes

-~.
CeTf--Ti:Jrrentr-T'.
Cel I lCurr. Power
Surface -OrTe-ntationl
1
•
/l
Temp. Dens1ty
h1me Voltage Eff.
Eff. ( Ratio to ASTM standard)2
mg
o c
A/ft2
r. volt 1 %
kwh/lb_:_L(._90·2_l__(JO~(Jo·2) (10·3)
2
3.04
93.8
1.17
--1.0
1.3
1.3
14
8
3.07
93.8
1.22
24
3.05
82.5
1.33
2
3. 29
911:7-1: 30-·---:-:::---r. 0
3. 0
4. 0
43
8
3. 31
9 5. 4
1 . 29
24
3.30
93.8
1.30
30
2
3. 63
95.7 -T.4f- ---- I. 0
l. 5
I. 0
75
25
3 . ss
9 2 :_~ ~--.:1_.-=-4or--+--2
3.78
93.0
1.54
--1.o
105
22
3.69
91.5
1.48
----+---~
2.0
2
0.2
4.0
2. 99
9 2. 0
1 . 21
14
8
3.00
87.4
1.27
2
3.21
95:81.0
2.0
1.24
43
21
3.
22
93.7
I . 27 .._ -----:--~,--~----=--40
6
3.43
94.2
1.34.
--1.0
1.3
1.8
16
3.44
93.9
1.35
75
24
3.44
90.5
1.42
4.0
2.0
2
3.70
96:9
1.43
1.0
105
24
3.57
93.6
1.44
--+---+--.:2:-+4:1 4--93. 6
1. 25
2.0
4
3.19
93-5
1.24
43
8
3. 07
63. 1-+---:-1.:. :3~2-+----------:·
---2
3.34
95-9
1.29
2.0
6.5 3-33
95.1
1.30
75
12
3.30
92.9
1 .so
so
14
3. 31
78. 2
1. 54-+-~-=-----------2
3.55
95.8
1:47
2.0
105
12
3 . 48
86. 8 +.--.;...1.~4.;.9-1--=---=--~-;:--------2
3.70
95.7- 1.43
2.0
0.3
4
3 . 69
94. 1
1 . 44
137
8
3.69
93.2
I .47
12
3 . 66
78. 3
.-:-1.-:,.7.:;-5-+------------- ----r-----1----2
3.41
§4.4
-1.36
4
3.41
94.5
1.36
5
3.40
93.8
1.38
I . 75 40
75
7
3.39
87.9
1.40
1
3.45
95.2
1.38
3.48
93.5
I .37
1.3
1.0
1.3
1.8
2.50 40
75
3.44
93.4
I .39
Re-solution started
3 . 40 8 7 . 5
1 • 3~ __ ---~t__E;_d_g e ?._·___ - - - ; - - ---+----·--+---3. 45
91. 6-r--l:l+gRe-so I uti on started
s. oo 4o
75
___1:_ 44 ____~~L'""--~-'-lQ. ___ o. 5
o. 3 o. 8

o:-2-

*

-·---1---+----Electrolyte:
1
2

200 g/1 H2S04 and 65 g/1 Zn.
Back side had a preferred orientation of (00·2).
(00·2) 0.5; (IO·O) 0.4; {10·1) 1.0; (10·2) 0.3; (10·3) 0.2.
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APPENDIX - 3
TABLE IX.

Electrolyses in Sb-Containing Electrolytes

Ce 11 Current
Sb Temp. Density Time Ce 11
mg/1 0 c A/ft 2 hr. Voltage
volt
1 3.04
14
2 3.06
4 3.07
1 3.32
2 3.36
43
30
18 3.36
1 3.53
2 3.55
75
4 3.56
12
3.54
14
1 3.01
1 3.27
2 3.27
43
15 3.27
1 3.42
40
2 3.42
75
4 3.44
0 .005
3.44
12
1 3. 17
2 3. 17
43
5 3.20
1 3.39
2 3.37
75
14 3.37
so
1 3.55
2 3.54
105
6 3.54
3.ts4
1
137
1
3.53
0.01 40
75
Electrolyte:
1
2

Curr.
Eff.
%

87.8
84.3
90.7

92.4

92.3
92.9
93.3
92.0
92.3
92.2
"'32
89.4
88.8
88.5
91.9
90.8
91.5
91.6
84.7
85.9
78.6
91.1
83.8
81.9
91.2
93.2
84.0
94.2
61.6

Surface-Orientationl
Power
Eff. (Ratio to ASTM standard)2
kwh/1 b. JL90·ifrnJ:l)-rf0:2J {10·3~
1.37 - 2.0 0.2
--1.2
2.0 ----- 0.6
1.35
2.0
1.34
--0.8
1.0
1.4
1.7
1.35
1.35
2.0
1.0
1.5
1.5
1.35
1.41
--- 1.0 1.7 1.4
2.0
1.0 2.0
1.44
1.9
1.2
0.2
1.0 0.8
1.43
1.41 __ ~· 0.4
1.2
1.5
1.0
Re-solution
2.0 --1.37
2.0 ----- --1.40
1.40
3.0
1.0 1.0 3.3
1.39
--2.0 --1.42
--2.0 --1.40
1.39
1:40- -·2.0
--- --- 0.6
4.0
2.3
1.2 --1.42
Re-solution
1.54
--- --2.0 --1.39
--- 0.9 3.3 2.2
1.50
1.53
3~
1.0 2.2
0.7
1.46
2.0
2.3
1.0
0.7
1.43
1.57
o:2 1.0 3.0 l.S
1.52
Re-solution
2.13

--- ---

--- ---

200 g/1 H2S04 and 65 g/1 Zn.

Back side was a (00'2) preferred orientation.
(00·2) 0.5; (10·0) 0.4; (10·1) 1.0; (10·2) 0.3; (10·3) 0.2.

-----

60
APPENDIX - 4
Corrosion of Electrodeposited Zn
A meaningful evaluation of the cathode potential becomes extremely
difficult when the Zn current efficiency decreases by simultaneous reactions of local cells and reduction of H+ during the electrolysis.
The cathode potential is made up of mixed potentials which mainly consist of the overpotential on Zn, anodic corrosion of Zn, and H+ reduction on codeposited impurities.
vidual potentials.

It is impossible to separate the indi-

With this in mind, Zn deposits having varying sur-

face orientations were corroded in the impurity-free or 5 mg/1 Nicontaining electrolyte without the applied cathodic potential to determine the corrosion effect which may have influenced the current efficiency.
the test.

The back side of the deposits was coated with Glyptol before
The test specimen had a surface area of 2.5 cm 2 •

Fig. 31 shows a plot of the cummulative weight loss against time.
The unfilled symbols indicate the corrosion in the Ni-containing electrolyte.

The dot-and-dash lines indicate the weight loss at the indi-

cated superimposed current efficiency at 75 A/ft 2 .

A slight variation

in the corrosion rate among the samples was possibly due to the differences in the crystal size, the surface orientation, and the codeposited
impurity.

It was rather difficult to correlate the corrosion data with

the surface orientation since no two deposits had the same surface
orientation with different crystal sizes or vice versa.
Experiments similar to the previous corrosion tests were carried
out using the deposits prepared in an electrolyte containing 1 mg/1
Ni at the different current densities and cell temperatures.

These
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Corrosion samples:
1. Impurity free 2-hour deposit, 95.3t C. E., and (10.2) and (10.3) orientati ons.
on.
2. Prepared In 10 mg/1 animal glue, 2 hours, 90.3t C. E., and (10.1) orientati
3),
(lo.
0.2),
(I
1),
10.
(
and
,
E.
C.
93."
hours,
2
arable,
gum
mg/1
I
In
3. Prepared
ons.
and (00.2) orientati
4. 100 mg/1 AJ+3, 6 hours, 94.5% C. E.~ and (00.2) orientati on.
on.
5. 10 mg/1 animal glue and 100 mg/1 AI 3 , 2 hours, 93.8t C. E., and (10.1) orientati
on.
orientati
(00.2)
and
3
E.,
C.
92.6t
hours,
2
,
AJ+
mg/1
500
and
glue
animal
6. 10 mg/1

0.1

TIME, hour

FIGURE 31.

Corros ion of electro deposi ted Zn in a pure Zn electro lyte.

2
All corros ion samples were origin ally prepare d at 40° C and 75 A/ft
and corrode d at 40° C.
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deposits were corroded in the impurity-fr ee electrolyte at the same
temperature as the electrodep ositions.
rate of various deposits.

Fig. 32 shows the corrosion

The values in each solid 1 ine indicate the

current efficiencie s of the original deposits from which the corrosion
specimens were prepared.

The dot-and-das h lines indicate the weight

loss at the indicated superimpose d current efficiencie s.

The cor-

rosion rate was higher when the deposit was made at a higher current
density and cell temperature .

The rate tended to increase with time

for the low current density deposits while it decreased for the high
current density and high-tempe rature deposits.

IOOr-----------------~------------------~-----------------.------------------c. 50 °
tmpunty -free
a 40 o c depos•t.

c}

•
•
•

50°C
40°C
30°C

O.t~~-----2:---~~-=~~~--~----~--~~-'----~--------~~JL----------------..J
4
6 8 I
2
4
6 8 I
2
4
6 8 I
2
4
6 8 10
TIME, hour

FIGURE 32.

Corrosion of electrodeposited Zn from an electrolyte containing 1 mg/1 Ni.

Corroded in a pure Zn electrolyte at the same temperature as the deposition.

